Mesenchymal stromal cells (MSCs) support hematopoiesis and are cytogenetically and functionally abnormal in myelodysplastic syndrome (MDS), implying a possible pathophysiologic role in MDS and potential utility as a diagnostic or riskstratifying tool. We have analyzed putative MSC markers and their relationship to CD34 þ hematopoietic stem/progenitor cells (HSPCs) within intact human bone marrow in paraffin-embedded bone marrow core biopsies of benign, MDS and leukemic (AML) marrows using tissue microarrays to facilitate scanning, image analysis and quantitation. We found that CD271 þ , ALP þ MSCs formed an extensive branching perivascular, periosteal and parenchymal network. Nestin was brightly positive in capillary/arteriolar endothelium and occasional subendothelial cells, whereas CD146 was most brightly expressed in SMA þ vascular smooth muscle/pericytes. CD271 þ MSCs were distinct by double immunofluorescence from CD163 þ macrophages and were in close contact with but distinct from brightly nestin þ and from brightly CD146 þ vascular elements. Double immunofluorescence revealed an intimate spatial relationship between CD34 þ HSPCs and CD271 þ MSCs; remarkably, 86% of CD34 þ HSPCs were in direct contact with CD271 þ MSCs across benign, MDS and AML marrows, predominantly in a perivascular distribution. Expression of the intercrine chemokine CXCL12 was strong in the vasculature in both benign and neoplastic marrow, but was also present in extravascular parenchymal cells, particularly in MDS specimens. We identified these parenchymal cells as MSCs by ALP/CXCL12 and CD271/CXCL12 double immunofluorescence. The area covered by CXCL12 þ ALP þ MSCs was significantly greater in MDS compared with benign and AML marrow (P ¼ 0.021, Kruskal-Wallis test). The preservation of direct CD271 þ MSC/CD34 þ HSPC contact across benign and neoplastic marrow suggests a physiologically important role for the CD271 þ MSC/CD34 þ HSPC relationship and possible abnormal exposure of CD34 þ HSPCs to increased MSC CXCL12 expression in MDS. The bone marrow microenvironment provides a crucial hematopoietic niche that promotes survival and maintenance of hematopoietic stem cells 1 and the proliferation and trilineage differentiation of CD34 þ hematopoietic progenitor/ stem cells (HSPCs).
The bone marrow microenvironment provides a crucial hematopoietic niche that promotes survival and maintenance of hematopoietic stem cells 1 and the proliferation and trilineage differentiation of CD34 þ hematopoietic progenitor/ stem cells (HSPCs). 2 The quantification and immunophenotyping of total CD34 þ HSPCs, or blasts, is a routine component of the diagnostic bone marrow examination, and is a critical component of classification and prognostication in myelodysplastic syndrome (MDS). 3, 4 In contrast, the bone marrow microenvironment remains poorly delineated in intact human marrow and is not evaluated in routine clinical practice. The bone marrow microenvironment is composed of several cell types including mesenchymal stromal cells (MSCs); prominent vasculature including specialized thin-walled sinusoids; variable numbers of adipocytes; trabecular bone and bone-lining cells; and nonmesenchymal cells, predominantly macrophages. MSCs are of particular interest because they are capable of supporting self-renewing proliferation of CD34 þ hematopoietic progenitors. [5] [6] [7] Those purified MSCs that show multipotency are called mesenchymal stem cells, 8 or osteoprogenitors when they demonstrate capability of reconstituting bone in vivo. 9 In our study we aimed to quantitatively and comprehensively map the normal MSC component of intact bone marrow to allow for identification of derangements of MSCs in myeloid neoplasia, particularly in MDS. To do so, we used markers likely to be relatively lineage specific, as single stains would be candidates for translation into the clinical laboratory setting. We have also examined the relationship of these stromal elements to CD34 þ HSPCs, a population that presumably consists predominantly of CD34 þ progenitors. Given the expected rarity of stem cells within the CD34 þ HSPC population, our findings regarding the distribution of CD34 þ HSPCs overall cannot be assumed to generically apply to the small subset of CD34 þ hematopoietic stem cells, which may reside in a highly specific niche or niches.
MDS is a group of clinically and cytogenetically heterogeneous clonal bone marrow failure disorders with variable morbidity because of cytopenias and risk of transformation to acute myeloid leukemia (AML). 10 MSCs from MDS and AML patients are abnormal, demonstrating structural chromosomal abnormalities that differ from that of the hematopoietic clone and show distinct genomic profiles in cytogenetically defined or poor prognosis subgroups. [11] [12] [13] [14] [15] [16] [17] [18] Despite this, MSCs from MDS patients are capable of supporting hematopoiesis. Recently, perturbation of mesenchymal cell populations was shown to be sufficient to induce MDS in a murine model. 19 We have mapped putative MSC markers in archival paraffinembedded bone marrow core biopsies to ground current understanding of MSC biology within the intact human marrow in a manner that is translatable to the routine clinical laboratory setting. We have examined in detail several putative MSC markers implicated in hematopoietic stem cell niche formation in mouse models and in vitro, including lowaffinity nerve growth factor receptor/CD271, 20 alkaline phosphatase (ALP), 21, 22 nestin, 23 melanoma cell adhesion molecule/CD146 24 and the CXC chemokine CXCL12 (also termed stromal cell derived factor-1 (SDF-1)). 25 We chose the macrophage marker CD163 to provide a widely distributed nonmesenchymal comparison cell type. CD271 is expressed by a multipotent MSC population 20 and highlights ramifying stromal cells in benign and neoplastic human bone marrow. 26 Alkaline phosphatase is expressed by MSCs in culture 21 and similarly highlights reticular cells in human bone marrow. 22 Nestin, an intermediate filament protein, identifies a murine multipotent cell population capable of differentiating toward mesenchymal lineages and supporting hematopoietic stem cell homing in a mouse model. 23 Isolated CD146 þ MSCs cells are able to establish the human hematopoietic microenvironment in a mouse model. 24 Finally, we examined CXCL12 expression because the so-called CXCL12-abundant reticular cells (termed CAR cells) contribute to HSPC maintenance and proliferation in mouse models; 25 CXCL12 signaling is also implicated in HSC homing and the pathophysiology of MDS in in vitro studies. [27] [28] [29] Adult human bone marrow consists of parenchyma, hematopoietic elements admixed with variable amounts of fat; trabecular bone, thin layers of bone lined by predominantly quiescent osteoblasts; and vasculature. 30 Herein, we refer to zones within the bone marrow microenvironment as perivascular when they are predominantly distributed within B10-20 mm of vessels; trabecular when immediately adjacent to trabecular bone or bone-lining cells; and parenchymal when diffusely admixed with hematopoietic elements or adipocytes. These categories are not mutually exclusive as parenchyma is richly vascularized and both capillaries and sinusoids frequently occur closely apposed to trabecular bone. Sinusoids are recognized by their attenuated wall and dilated profile; capillaries are round with a small, sometimes effaced lumen and plumper endothelial cells; and arterioles have a thick profile including a plump outer layer of vascular smooth muscle and high endothelium protruding into the lumen.
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MATERIALS AND METHODS Patient Material
Use of archival paraffin-embedded bone marrow core biopsies (BMs) and de-identified diagnostic information was approved by the institutional review board (IRB) and applicable committees at Palo Alto VA Health Care System and Stanford University School of Medicine. Requirement for individual patient consent was waived by the IRB committee. The archival BMs had been fixed in Bouin's solution (American MasterTech, Lodi, CA, USA) and decalcified (Decal solution, Decal Chemical Corporation, Tallman, NY, USA) before routine processing and embedding in paraffin. Whole BMs (12 benign, 11 MDS and 7 AML) and tissue microarrays (TMAs) composed of 1 mm cores derived from a separate set of BMs (6 benign, 5 MDS and 4 AML) were evaluated. The TMAs were constructed using a manual tissue arrayer (Beecher Instruments, Silver Spring, MD, USA). Benign biopsies were from patients being evaluated for cytopenias (n ¼ 4) or staged for lymphoma or solid tumors (n ¼ 12) who had no evidence of malignancy in their bone marrow. MDS patients across the TMA and whole core biopsies represent a range of WHO (World Health Organization) 4 diagnoses (2 refractory anemia with ring sideroblasts, 1 refractory anemia with isolated deletion 5Q, 4 refractory cytopenia with multilineage dysplasia, 3 refractory anemia with excess blasts 1 and 6 refractory anemia with excess blasts 2) and IPSS (International Prognostic Scoring System) 3 categories (2 low, 6 intermediate-1, 3 intermediate-2, and 5 high). Of the AMLs, six belonged to the WHO category of AML with myelodysplasia-related changes, and five were AML not otherwise specified. There was no statistically significant difference in the proportion of patients who had previously been exposed to chemotherapy (22%, 38% and 18% for benign, MDS and AML, respectively; w 2 test, benign versus MDS, P ¼ 0.52; benign versus AML, P ¼ 0.83). Rare patients were currently on MDS-type therapy (eg,
lenalidomide, azacitidine) at the time of biopsy (0%, 13% and 9% for benign, MDS and AML, respectively); again, the differences were not statistically significant (w 2 test, benign versus MDS, P ¼ 0.39; benign versus AML, P ¼ 0.81). Ages of patients were recorded in B20-year brackets per our IRB de-identification protocol; only adult patients (Z18 years) were included. The median age bracket for benign patients was 40-59 years, whereas that for MDS and AML patients was 60-79 years, and the difference was statistically significant (Po0.01).
Immunohistochemistry and Immunofluorescence
Immunostaining was performed on 4-mm sections, which were placed on glass slides, baked at least 1 h at 60 1C, deparaffinized in xylene and hydrated in a graded series of alcohol. Citrate antigen retrieval (Dako, Carpinteria, CA, USA) was performed in a pressure cooker (Decloaking Chamber, Biocare Medical, Concord, CA, USA). Blocking was performed with normal donkey serum (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 1:20 in phosphatebuffered saline at room temperature for 20 min. For immunohistochemistry, primary antibody staining was performed for 1 h at room temperature as indicated below. After blocking endogenous peroxidase, secondary staining was performed with horseradish peroxidase-conjugated antibodies (donkey anti-mouse, R&D, Minneapolis, MN, USA; or donkey anti-rabbit, Promega Biosystems, Sunnyvale, CA, USA) 30 min at room temperature and red chromogen (AEC, 3-amino-9-ethylcarbazole) development with the EnVisiont þ Kit (Dako). For immunofluorescence, primary antibody staining was performed overnight at 4 1C as indicated below. Secondary antibody incubation (AlexaFluor488, donkey anti-mouse and Alexafluor568, donkey anti-mouse, or AlexaFluor594, goat anti-rabbit; Invitrogen, Carlsbad, CA, USA) was performed for 30 min at room temperature, after which slides were post-treated for 30 min with 0.1% Sudan Black B (Fisher Scientific, Pittsburgh, PA, USA) dissolved in 70% ethanol as described. 34 Slides were cover-slipped with Prolong Gold Antifade Reagent containing DAPI (4 0 ,6-diamidino-2-phenylindole) nuclear counterstain (Invitrogen).
Primary Antibodies
The primary antibodies used were as follows: ALP, rabbit, 1:100 (Sigma-Aldrich, St Louis, MO, USA); CD34, mouse My10 
Image Analysis
The area occupied by stromal cell populations and the distance of CD34 þ hematopoietic cells to vessels and trabecular bone were assessed using ImageJ software 35 on Â 40 photomicrographs of immunohistochemically stained whole or TMA BMs. Adjacency of CD34 þ hematopoietic cells to stromal cell populations was manually quantitated on double-immunofluorescent-stained whole TMA core images acquired on the Ariol platform. CXCL12 þ /ALP þ area was quantitated in ImageJ on double-immunofluorescencestained slides scanned on the AxioImager2 platform; after thresholding and CXCL12 þ object identification, CXCL12 þ objects were counted as ALP þ if at least 25% of their area was ALP þ. Colocalization analysis of immunofluorescence signal in confocal images was performed using the Intensity correlation Analysis plugin in ImageJ. Statistical analysis was performed using SPSS Statistical Software 18 (IBM) as indicated in the text. Nonparametric tests were used as indicated, including Mann-Whitney test for paired independent samples, Kruskal-Wallis for multiple independent samples, Wilcoxon test for paired related samples, and Friedman test for multiple related samples.
RESULTS
CD271 þ and ALP þ Are Coexpressed by a Widely Distributed Arborizing MSC Population
We analyzed the distribution of CD271 and ALP by immunohistochemistry and immunofluorescence on TMA and whole core biopsy sections. CD271 þ and ALP þ cells show similar arborizing morphology, with two to three main slender projections that occasionally bifurcate. They often wrap around or closely align to adjacent structures, including trabecular bone, vessels and parenchymal components
including adipocytes, and are surrounded by mixed hematopoietic elements (representative photomicrographs, Figure 1 ). In the perivascular areas, CD271 and ALP þ cells show a distinctive arrangement with one cytoplasmic projection parallel to and wrapping entirely around capillaries and arterioles, and partially lining sinusoids, often with projections extending perpendicularly into the parenchyma where they are surrounded by hematopoietic elements. Given the similar morphology and distribution of the CD271 and ALP þ MSCs, we hypothesized that they represented the same population; double immunofluorescence of the entirely scanned TMA confirmed that the two populations were nearly identical ( Figure 1c ). ALP also rarely highlighted a separate population of CD271-negative rounded bone-lining cells consistent with osteoblasts (data not shown); where present, this population was deep to the paratrabecular layer of double positive CD271 þ , ALP þ stromal cells and immediately adjacent to bone. The full extent of each arborizing MSC was more completely highlighted on the membranous CD271 stain than on the ALP stain, which was cytoplasmic in distribution. The identity of CD271 and ALP þ cell populations was confirmed on confocal double-immunofluorescence-stained images with ImageJ colocalization analysis software (CD271ÀALP Pearson's correlation coefficient, 0.32, mean of 9 representative images examined); the cytoplasmic (ALP) versus membranous (CD271) localization of the two markers accounts for incomplete colocalization within each cell.
We assessed CD163 þ macrophages as a control nonmesenchymal bone marrow-resident cell population. By immunohistochemistry on the TMA the distribution of CD163 þ macrophages was similar to that of CD271 þ MSCs, with CD163 þ macrophages scattered throughout the parenchyma and in perivascular and parosteal areas (data not shown). In fact, in paired TMA cores (n ¼ 15), CD163 þ macrophages encompassed more than double the bone marrow area taken up by CD271 þ MSCs (CD271, median area 7.0, 95% confidence interval 4.6-8.6%; CD163, median area 14.4, 95% confidence interval 11.3-15.9%; P ¼ 0.0001, Wilcoxon test). CD271 þ MSCs and CD163 þ macrophages both had multiple cytoplasmic extensions, but CD271 þ cells were more elongate overall, whereas CD163 þ macrophages had plumper cell bodies. By double immunofluorescence on the entirely scanned TMA, CD271 þ MSCs and CD163 þ By immunohistochemistry and immunofluorescence, CD146 þ and nestin þ cell populations differed from CD271 þ MSCs in both morphology and distribution. Nestin þ cells were rare linear nonarborizing cells that were predominantly vascular in distribution (Figure 1 ). Capillaries/arterioles were strongly nestin þ , whereas sinusoids were negative to dimly positive for nestin. CD146 reactivity was not cell-type specific, but strong CD146 reactivity was predominantly associated with blood vessels and was strongest in the concentric outer layers of the vessel wall in arterioles and capillaries, with dimmer CD146 reactivity present in the endothelium (Figure 1a) . Adipocytes also showed variable membrane reactivity with CD146.
CD271 þ and ALP þ MSCs were by far the most numerous of the putative MSC populations and were greater in area than nestin þ and CD146 þ elements, as confirmed by quantitation of immunohistochemically positive stromal cell area in ImageJ, not including CD146 reactivity on adipocytes ( Table 1 ). The predominantly vascular distribution of nestin þ and CD146 þ elements, and the partially perivascular distribution of CD271 þ /ALP þ MSCs, raised the question of how the three cell types interrelate spatially at the level of the marrow microvasculature.
The Marrow Microvasculature Has Discrete Anatomic Compartments with Differential Relationships to CD271 þ MSCs In order to better understand the relationships among perivascular CD271 þ MSCs, and the CD146, and nestin-reactive vascular elements, we performed a series of double immunofluorescence experiments on TMA sections that were scanned in widefield; confocal microscopy was also performed to confirm colocalization (representative photomicrographs, Figure 2a-f ). Nestin colocalizes with CD34 in the endothelium, with strong diffuse expression in capillary/ arteriolar endothelial cells as well as occasional subendothelial cells and dim/variable expression in sinusoidal endothelium (see also Figure 3c ). Confirmatory co-immunofluorescence with the alternate endothelial marker CD31 confirmed coexpression of nestin by CD31 þ endothelial cells (Supplementary Figure 1A) . CD146 reactivity is strongest in the SMA þ vascular smooth muscle/ pericyte (VSMP) layer. Dimmer CD146 expression is also detectable on adipocytes and vascular endothelium, and could not be separately assessed on nestin þ , CD34À subendothelial cells. Bright CD146 expression is not noted on CD271 þ or ALP þ MSCs. Because of close apposition of CD271 þ /ALP þ MSCs to CD146 þ VSMPs, adipocytes and endothelium, we cannot exclude the possibility of some partial dim membranous CD146 expression on CD271 þ MSCs within the intact marrow. In arterioles/capillaries the outer layer of CD271 þ MSCs is separated from the nestin þ endothelium by the continuous layer of VSMP (Figure 2b-d) . In contrast, sinusoidal endothelium lacks investiture with an SMA þ VSMP layer but is instead in direct contact with CD271 þ MSCs (Figure 2e Table 2 ). The CD271/CD34 double-immunofluorescence studies reveal a remarkably intimate relationship between CD34 þ HSPCs and the arborizing processes of CD271 þ MSCs. The CD271 þ cells are in direct contact with the HSPCs, often extending along Z30% of their circumference, and this relationship is preserved in MDS and AML (representative images, Figure 3a) . The proportion of CD34 þ HSPCs adjacent to CD271 þ MSCs was manually quantified, and despite the fact that only a single plane of section could be examined, on average 86 ± 8% of CD34 þ HSPCs were in intimate contact with CD271 þ MSCs. There was no statistically significant difference among benign, MDS and AML bone marrows with respect to the percentage of CD34 þ HSPCs adjacent to CD271 þ MSCs (Table 2) . Only rare Friedman test P-value as compared with column header; adjusted for multiple comparisons. c Mann-Whitney U-test P-value.
(o1%) CD34 þ HSPCs were in contact with brightly nestin þ endothelial or subendothelial cells or brightly CD146 þ VSMPs (Table 2 ). CD163 þ macrophages encompass more than double the bone marrow area taken up by CD271 þ MSCs (P ¼ 0.0001, Wilcoxon test), yet only 20% of HSPCs were immediately adjacent to a CD163 þ macrophage. The difference among the percentage of CD34 þ HSPCs in contact with CD271 þ MSCs versus CD163 þ macrophages, CD146 þ VSMPs and nestin þ endothelium is statistically significant; Kruskal-Wallis test, Po0.005 for each of the listed pairwise comparisons after adjustment for multiple comparisons.
CD34 þ HSPCs Are Perivascular in Distribution in Benign and MDS Bone Marrow
As CD271 þ MSCs were present lining both trabecular bone and vessels as well as ramifying through the marrow parenchyma, we next assessed whether CD34 þ HSPCs were preferentially located near vessels or trabecular bone. We quantified the distance of immunohistochemically identified CD34 þ HSPCs to trabecular bone or vessels on photomicrographs from whole core biopsies (to include trabecular bone); distance to vessels was additionally assessed in TMA cores. A single cell width is between 5 and 10 mm within intact marrow; therefore, distances were binned at 10 mm intervals, with a distance within 10 mm considered to be within 1 to 2 cell widths of the relevant structure. Given that typical intertrabecular distance in the marrow in healthy adults is B500-700 mm, 36 we limited evaluation of the distance to trabecular bone to the first 200 mm to avoid encroaching on the next trabecular zone (five Â 40 fields were evaluated in each of five whole benign and MDS core biopsies).
The proportion of CD34 þ HSPCs within 10 mm of a vessel was high in both benign and MDS marrow-42% in benign bone marrow and 51% in MDS-and the difference was not statistically significant (w 2 test, P ¼ 0.2). In contrast, CD34 þ HSPCs showed no spatial association with trabecular bone; the mean distance from CD34 þ HSPCs to bone was very close to the midpoint of the area examined (Figure 3 ), and only a small subset of CD34 þ HSPCs were found within 10 mm of bone (0.9% in benign and 2.4% in MDS marrow), with no statistically significant difference between benign and MDS (w 2 test, P ¼ 0.36). The difference in the proportion of CD34 þ HSPCs within 10 mm of vessel versus the proportion within 10 mm of trabecular bone was highly statistically significant in both benign and MDS marrow (w 2 test, Po0.0001 in both cases). 
and Immunoreactivity for the Chemokine CXCL12 Are Increased in MDS
The arborizing network of CD271 þ MSCs, already extensive in intact human bone marrow at baseline, appeared even denser in the parenchyma of MDS marrow. Quantitation of TMA and whole core immunohistochemical stains in ImageJ confirmed that although CD271 þ MSC area was increased in MDS, there was no increase in nestin area or nonadipocytic CD146 area (Table 1 ). There was a near tripling of the CD271 þ MSC area in MDS versus benign marrow, and this increase was statistically significant (P ¼ 0.039; Table 1 ; representative photomicrographs, Figure 4a ). The trend toward increased CD271 þ MSC area in AML as compared with benign bone marrow was nonsignificant (P ¼ 0.1, Mann-Whitney U-test). The increase in CD271 þ MSC area in MDS was most marked in cases of low-grade MDS (defined as those with no increase in blasts, o5%). Specifically, the CD271 þ MSC area in low-grade MDS was 3.6 times greater than that in benign bone marrow (P ¼ 0.011, MannWhitney U-test). Nestin, CD146 and CD163 areas did not vary across diagnostic categories. We next performed immunohistochemistry for the chemokine CXCL12 on TMA and whole core biopsies in order to assess its overall distribution. At the light microscopy level, CXCL12 expression was present in a mostly vascular distribution in benign bone marrow; in MDS and AML marrows, CXCL12 immunohistochemical reactivity was present in both a vascular and parenchymal distribution. The parenchymal CXCL12 reactivity was predominantly within elongate stromal cells, along with variable dim cytoplasmic reactivity within hematopoietic elements (and in one case bright reactivity within AML blasts). Overall, CXCL12 area by immunohistochemistry, not confined to any particular cell type, showed a nearly significant trend toward increased expression in MDS versus benign marrow (0.9% vs 3.2%, P ¼ 0.051, Mann-Whitney U-test), whereas the comparison of benign and AML marrow was nonsignificant (0.9% vs 2.2%, P ¼ 0.2).
The elongate CXCL12 þ stromal cells showed distribution and morphology reminiscent of the CD271 þ ALP þ MSC population. We performed double immunofluorescence on our TMA combining CXCL12 with CD271, ALP, CD146 and CD34, respectively, to identify the nonhematopoietic cell types producing CXCL12 (representative photomicrographs, Figure 4b-d) . CXCL12 immunoreactivity was both extensive and bright in CD34 þ vascular endothelium in benign, MDS and AML specimens. Extravascular stromal CXCL12 expression prominently colocalized to ALP þ, CD271 þ MSCs. In arterioles/capillaries, dim CXCL12 reactivity was also present in the CD146 þ VSMP layer (data not shown).
Both CXCL12 and ALP showed cytoplasmic localization within CD271 þ MSCs, where they would be expected to overlap; we therefore assessed for CXCL12 þ elements colocalizing with ALP reactivity. We used image analysis to identify CXCL12 þ cells that were also ALP þ, and quantitated the area of CXCL12 þ / ALP þ cells in benign, MDS and AML bone marrow. Although there was marked variability from specimen to specimen, CXCL12 þ /ALP þ cell area was statistically significantly increased in MDS as compared with benign and AML bone marrow, with no significant difference between the benign and AML categories (CXCL12 þ /ALP þ area, benign 0.3±0.3%; MDS 6.9±7.3%, AML 0.6±0.7%; Kruskal-Wallis test, P ¼ 0.021).
DISCUSSION
Systematic data regarding the intact human bone marrow microenvironment are crucial to understanding the role of abnormal MSCs in the pathophysiology of myeloid neoplasia, and to the ability to effectively evaluate these abnormalities in clinical practice. We used TMA techniques combined with semiautomated image acquisition using immunohistochemistry, double immunofluorescence and confocal microscopy to clarify the complex marrow microarchitecture and to facilitate quantification of our findings. We methodically and quantitatively analyzed the interrelationships among key components of the bone marrow microenvironment, including MSCs, macrophages, blood vessels and trabecular bone, and their relationships to CD34 þ HSPCs in intact human bone marrow derived from archival diagnostic paraffin-embedded bone marrow core biopsy specimens. We characterized a CD271 þ , ALP þ arborizing MSC population in intact human marrow and have documented its intimate and conserved relationship to CD34 þ HSPCs in both benign and myelodysplastic bone marrow. We also clarified the relationship of the bone marrow microvasculature to CD271 þ MSCs, demonstrating that nestin þ CD34 þ capillaries and arterioles are tightly cloaked by a SMA þ , brightly CD146 þ VSMP layer further surrounded by arborizing CD271 þ MSCs, whereas the thin-walled, dimly nestin þ sinusoids directly contact CD271 þ MSCs and hematopoietic elements. This model is in good agreement with extensive electron microscopy studies performed by Weiss 31 in the 1960s, which beautifully describe the intimate association of maturing erythroids and myeloids and plateletbudding megakaryocytes with the attenuated sinusoidal wall. 
In this seminal work, Weiss 31 also describes perisinusoidal adventitial cells with rarified cytoplasm that 'extends from the sinus wall into the surrounding perisinus hematopoietic cells, separating, surrounding and loculating single cells or clusters' (p 474), a finding reminiscent of the adventitial subset of CD271 þ MSCs described here. Indeed, all hematopoietic elements would be expected to be separated from the vessel endothelium by both the CD271 þ , ALP þ MSC layer and, depending on the site within the microvasculature, by the VSMP layer as well. CD34 þ HSPCs were found predominantly within 10-20 mm of marrow microvasculature and, rarely, in direct contact with sinusoidal endothelium. As stem cells comprise a very small fraction of the CD34 þ HSPC population, we cannot rule out that those rare CD34 þ HSPCs that are in direct contact with nestin þ endothelial or subendothelial cells or brightly CD146 þ VSMPs or that are adjacent to trabecular bone could preferentially represent hematopoietic stem cells, as suggested in some models of the hematopoietic stem cell niche.
Our data regarding the distribution of CD271 þ arborizing MSCs are in agreement with excellent studies performed nearly two decades ago; 26 the intimate relationship of CD271 þ arborizing MSCs to hematopoietic elements was documented by the same group using electron microscopy. 37 Proximity of CD34 þ HSPCs to CD271 þ MSCs was recently noted in benign human marrow, 38 in agreement with our findings. That study also demonstrated that CD146 is expressed in a subset of CD271 þ MSCs of healthy donors; in our study CD146 reactivity was brightest in VSMPs, with dimmer reactivity in adipocytes and endothelium, and it is possible that any dim CD146 reactivity within CD271 þ MSCs was below our threshold of detection. The difference in CD271 þ MSC CD146 expression may also be partially because of differences in patient demographics between the two studies, as CD146 expression has recently been shown to decrease dramatically in older adults. 39 This group also reported detecting nestin mRNA within isolated CD271 þ MSCs using 'real-time' quantitative reverse transcriptase-PCR (RQ-PCR). However, if nestin is expressed in CD271 þ MSCs at the protein level, it is below the level of detection of our study and at a far lower level than nestin expression within endothelial and subendothelial cells. Endothelial nestin expression has been previously described in vivo, primarily in solid tumors and the brain, as well as in endothelial cell lines in culture. 40, 41 Nestin expression within subendothelial cells within the vessel wall-internal to the SMA þ VSMP layer but external to the von Willebrand factor þ layer-has recently been reported; 42 we also identified occasional nestin þ , CD34À subendothelial cells. The relationship between these nonendothelial nestin þ vascular wall cells and vessel wall-resident mesenchymal stem or progenitor cell populations 43 is unclear. Human CD271 þ MSCs are morphologically similar to the adventitial reticular cell population that shows mesenchymal stem cell and hematopoietic niche properties in the mouse. 9 Isolated human CD271 þ MSCs have been shown to be immunophenotypically 39 and functionally 44 heterogeneous. Thus, it is entirely possible that functional subsets exist within the CD271-immunoreactive MSC population with respect to both 'niche' properties and mesenchymal stem cell properties. For example, it is possible that the subset of CD271 þ MSCs present in an adventitial distribution is analogous to mouse adventitial reticular cells. In mouse, the adventitial reticular cell population is thought to be identical with the CAR cell population that has been shown to be involved in hematopoietic stem cell biology. Similarly, we found that in intact human bone marrow, CD271 þ ALP þ MSCs were immunoreactive for CXCL12. We note that although the manufacturer raised the CXCL12 antibody against a fragment of recombinant human CXCL12, and the pattern of expression within endothelial cells and MSCs fits well with previously published studies, we have not independently confirmed the specificity of this antibody for CXCL12 within paraffin-embedded bone marrow core biopsies. It is reassuring, then, to note a recently published study 47 that demonstrated high-level CXCL12 mRNA expression in CD271 þ MSCs isolated from human bone marrow aspirates. In our hands, CXCL12 intensity within CD271 þ MSCs was highly variable, suggesting that these CXCL12 þ MSCs may form a separate regulatable reservoir of CXCL12 within the bone marrow, in addition to CXCL12 þ vascular endothelial cells. We showed a statistically significant increase in CXCL12 þ /ALP þ cell area in MDS as compared with benign bone marrow. CXCL12 signaling has been shown to regulate the balance between quiescence, cell cycle entry and apoptosis in CD34 þ hematopoietic stem cells, 48, 49 and to promote cell cycle progression in CD34 þ HSPCs 50 in a contact-dependent manner in vitro. Strong CXCL12 expression by CD271 þ ALP þ MSCs could be a source of abnormal survival/proliferation signaling for adjacent neoplastic CD34 þ HSPCs. CXCL12 is also involved in hematopoietic stem cell homing, 27 and isolated CD34 þ HSPCs from MDS patients are impaired in their ability to migrate toward CXCL12, 51 a finding that is associated with increased susceptibility to apoptosis in vitro. 28 Increased CXCL12 expression by MSCs could be part of a defective feedback loop between neoplastic CD34 þ HSPCs and altered MSCs in MDS. The so-called 'leukemic niche' 52 may involve a spatially conserved but functionally altered relationship between the neoplastic progenitor/stem cell and its co-opted niche partners.
Based on our data we present a model for how derangements in bone marrow MSC microarchitecture and altered chemokine localization may contribute to the pathophysiology of MDS ( Figure 5 ). We have shown that CD271 þ MSCs form a network encircling sinusoids, capillaries and arteries, coating bony trabeculae and adipocytes, and ramifying through the parenchyma in intimate contact with hematopoietic elements, and in particular with CD34 þ HSPCs. Bone marrow arterioles/capillaries have an inner CXCL12 þ endothelial layer surrounded by an SMA þ , CD146 þ VSMP layer that in turn is wrapped in a layer of CD271 þ MSCs that ramify into the surrounding parenchyma. Within the parenchyma, CD271 þ MSC are intimately associated with hematopoietic elements including CD34 þ HSPCs. In contrast, the single-layered sinusoids have CXCL12 þ endothelium in direct contact with a discontinuous layer of arborizing CD271 þ MSCs. CD34 þ HSPCs are distributed in a perivascular manner along a network of perivascular and parenchymal arborizing CD271 þ MSCs ( Figure 5 ). As CXCL12 expression is most prominent within the vasculature in benign bone marrow, the encircling CD271 þ MSCs may form a barrier between strongly CXCL12 þ vascular elements and hematopoietic elements. Thus, under baseline circumstances, direct access by CD34 þ HSPCs to strong contactmediated CXCL12 signaling would be expected to be limited to exposed portions of sinusoidal endothelium. We have demonstrated that in MDS the CD271 þ ALP þ MSC population is expanded and shows more widespread expression of CXCL12. This more widespread MSC CXCL12 expression may expose CD34 þ HSPCs to increased contactmediated signaling with CXCL12-expressing cells. In this model the abnormal localization of immature precursors (ALIP) that has long been recognized as both a diagnostic and prognostic morphologic finding in MDS 53 might represent clusters of abnormal CD34 þ HSPCs in contact with abnormal CXCL12-overexpressing CD271 þ MSCs.
